D
espite available medical and surgical therapies, patients with peripheral artery disease (PAD) continue to be threatened with an unacceptably high risk for cardiovascular (CV) events [1] [2] [3] and suffer significant morbidity and a decrease in quality of life. Emerging evidence demonstrates that there is a dynamic relationship between inflammation and vascular dysfunction that likely contributes to the adverse outcomes in PAD. Elevated levels of circulating inflammatory markers, a consistent observation among PAD patients, have been associated with disease progression and mortality. [4] [5] [6] Impaired endothelial function independently predicts CV events in patients suffering from PAD and undergoing vascular surgery. [7] [8] [9] Furthermore, the degree of walking impairment in PAD is related to endothelial function, arterial stiffness, and markers of inflammation. 10, 11 Thus, interventions aimed at reducing vascular inflammation and improving endothelial function are likely to result in improved health outcomes in the PAD population. n-3 polyunsaturated fatty acids (PUFA), which are a major component of fish oil, have long been recognized to have beneficial effects on CV health by decreasing total mortality, CV death, sudden cardiac death, and nonfatal CV events. [12] [13] [14] [15] Furthermore, current evidence suggests that n-3 PUFA can impact factors critical to PAD: inflammation and vascular function. For example, n-3 PUFA supplementation has been associated with a dramatic reduction in inflammation in diverse patient populations [16] [17] [18] [19] [20] and an improvement in arterial stiffness in smokers. 20 However, recent clinical trials have yielded conflicting data on the effects of n-3 PUFA supplementation in CV diseases. [21] [22] [23] Differences in study results are likely attributable to the relatively low doses studied (averaging 1.5 g/day) and heterogeneity among cohorts. 21 Very few studies have been conducted in symptomatic PAD patients, 24 who exhibit the most pronounced inflammatory phenotype among all of the clinical subtypes of atherosclerosis. Our group recently demonstrated that the omega-3 index, a measure of n-3 PUFA content in red blood cells, is inversely related to inflammation in patients with PAD, 25 and others have shown that n-3 PUFA supplementation can improve endothelial function 26 and arterial stiffness. 20 Recent work suggests new hypotheses relating PUFAs to cardiovascular health and disease. It is now well established that n-3 PUFA, namely, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), are enzymatically converted into lipid mediators that have stereospecific and receptormediated biological actions. 27 Specifically, lipid mediators generated from EPA and DHA are actively involved in the resolution phase of inflammation and as such have been collectively termed "specialized pro-resolving mediators (SPM)." These SPM families include the resolvins, protectins, and maresins that are structurally distinct and are produced by unique biosynthetic pathways (for review, see 27) . Given their potent receptor-mediated biological roles in the resolution of inflammation, the elucidation of these mediators offers a new mechanism for the beneficial effects of n-3 PUFA in inflammatory pathologies. As several recent studies have demonstrated that healthy individuals taking n-3 PUFA supplements generate SPM in their bioactive concentration ranges, [28] [29] [30] we also sought to determine whether n-3 PUFA supplementation would increase generation of SPM and/or their biosynthetic pathway markers in PAD patients. The OMEGA-PAD I trial aimed to assess the impact of highdose, short-term (1 month) n-3 PUFA supplementation on endothelial function and inflammation in patients with symptomatic PAD, and whether this is directly associated with augmentation of downstream SPM pathways.
Methods Study Population, Intervention, and Protocol
The methods of the OMEGA-PAD study have been previously published. 31 Briefly, the OMEGA-PAD trial was a randomized, double-blinded, and placebo-controlled trial. The study included 80 patients aged 50 and older with lower-extremity PAD (defined by intermittent claudication and an ankle-brachial index of <0.9), who presented to the vascular surgery clinic at the Veterans Affairs Medical Center in San Francisco (SFVAMC). The number of patients enrolled was based on a 0.9 power to detect an increase of 40% in flow-mediated vasodilation (FMD), 31 based on existing literature. 26 The patients targeted were those with intermittent claudication (Rutherford grade 1 to 3). Inclusion criteria included intermittent claudication (mildsevere) associated with rest or exercise ankle-brachial index <0.9. Exclusion criteria included critical limb ischemia (rest pain or tissue loss); hypersensitivity/allergies to fish or seafood; significant renal, hepatic, or inflammatory disorder; concurrent severe infections; acute illness or major surgery within 30 days; and use of immunosuppressive medications. Subjects were randomized to 2.2 g oral n3-PUFA (ProOmega; Nordic Naturals, Watsonville, CA) twice daily (totaling 4.4 g/day) or a matched placebo for 1 month. Each ProOmega capsule contained 325 mg of EPA and 225 mg of DHA. Treatment corresponded to 4 capsules twice daily, totaling an amount of 2.6 g of EPA and 1.8 g of DHA daily. Individuals were randomized by a block randomization process, with the study pharmacist maintaining the key. Four subjects were randomized per block (total of 20 blocks) with a ratio of 1:1 for each block. Measurements were completed at baseline and after 1 month.
Subjects came to the hospital for an initial visit for baseline measurements and were then started on the study drug or placebo for 1 month. At the end of the month, they returned for a second visit, at which point study measurements were repeated. Prior to participating in the study, all subjects provided informed consent. The institutional review board approval was granted for this study by the Committee on Human Research at the University of California, San Francisco (UCSF). The study was registered with https://www.clinicaltrials.gov/show/NCT01310270.
Primary and Secondary End Points
The primary end point was change in endothelial function measured by brachial artery flow-mediated, endotheliumdependent vasodilation (FMD). Secondary end points included a change in inflammatory and pro-resolution markers, improvement in lipid profile (low-density lipoprotein, triglycerides, high-density lipoprotein), blood pressure, and patient-perceived walking impairment as determined by the Walking Impairment Questionnaire. 32 The omega-3 index was measured to correlate observed effects with changes in red blood cell content of n-3 PUFA.
Measurements
Demographics, anthropometrics, medical history, and hemodynamic measurements
Demographic data, CV history, risk factors for PAD, medications, and examination findings pertinent to CV history were recorded. Systolic and diastolic blood pressures were measured by sphygmomanometry.
Vascular reactivity of brachial arteries
Flow-mediated vasodilation was performed according to current guidelines and standards 33, 34 and as already described by our group 35 and other investigators. 36 Briefly, subjects were allowed to rest for 10 minutes in a supine position in a darkened room at 23°C. A 5-cm tourniquet blood pressure cuff was placed on the upper arm distal to the insertion of the deltoid. The length of the brachial artery was surveyed by Bmode ultrasound (Philips HD11) using a broadband linear-array transducer with a 3-to 12-MHz range (Philips L12-3) until a straight segment with a visible registration structure could be located. Prior to cuff inflation, the baseline diameter of the vessel and blood-flow velocity were recorded for 60 seconds using ECG-gated image capture software (Brachial Imager, Medical Imaging Applications LLC, Coralville, IA). The blood pressure cuff was then inflated to the greater of 250 or 50 mm Hg above the subject's systolic blood pressure for a period of 5 minutes. Recording of the B-mode images began 10 seconds prior to cuff release. Blood-flow velocity was assessed for a period of 30 seconds post-cuff release using the methods described above. B-mode images were recorded until 3 minutes post-cuff release. Analysis of the images was performed using continuous edge-detection software (Brachial Analyzer, Medical Imaging Applications LLC, Coralville, IA). Hyperemia diameter was calculated using a predetermined time window (55 to 65 seconds post-cuff release). FMD% was calculated as [(60-second Hyperemia diameterÀAvg Baseline diameter/Avg Baseline diameter)9100]. The brachial stimulus ratio corresponds to hyperemia flow divided by baseline flow. FMD in healthy subjects is expected to be above 7% 33 and has been reported to range between 0.20% and 19.2%. 37 Time-averaged velocity measurements were obtained using the peak-velocity method. Average velocity at baseline was obtained from 60 seconds of data. Velocity of the hyperemia stimulus was calculated as the mean velocity of the first 4 heartbeats following cuff-release. Both mean velocity and the velocity time integral were recorded.
Ankle-brachial index
Ankle-brachial indices were measured using current guidelines and standards. 38 Systolic blood pressures of the brachial, posterior tibial, and dorsalis pedis arteries were measured bilaterally. For each lower extremity, the highest systolic pressure of the 2 pedal pulses was divided by the highest systolic pressure of the 2 brachial arteries.
Blood sample collection
Blood samples were collected from subjects at baseline and at follow-up after the intervention. The samples were collected from subjects in a fasting state by a trained phlebotomist according to institutional guidelines and were processed immediately. Samples collected for inflammatory markers were collected in a serum-separator tube and allowed to clot for 30 minutes and centrifuged at 1665g, 4°C for 10 minutes (Beckman Coulter Allegra 6R Centrifuge, Brea, CA). Samples collected for lipidomics, metabolic hormones, and the Omega-Index assays were collected in plasma-EDTA tubes and centrifuged immediately at 1665g, 4°C for 10 minutes. Whole blood sample used for the Omega-Index was collected in a plasma-EDTA tube, aliquoted to a cryovial, and immediately frozen at À80°C.
Inflammatory markers
To assess systemic inflammation, pro-inflammatory mediators including high-sensitivity C-reactive protein, interleukin-6, soluble intracellular adhesion molecule-1, and tumor necrosis factor-a were measured. For this, 10 mL of whole venous blood was collected in a tiger-top tube from subjects in a fasting state and was allowed to clot for a minimum of 30 minutes at room temperature, and centrifuged at 2800 rpm for 10 minutes at 4°C. Serum was stored at À80°C until assayed for interleukin-6, soluble intracellular adhesion molecule-, and tumor necrosis factor-a per standard kit protocol (R&D Systems Inc, Minneapolis, MN). The typical coefficients of variation for interleukin-6, soluble intracellular adhesion molecule-1, and tumor necrosis factor-a are 7.4%, 4.6%, and 5.4%, respectively. The lower limits of detection are 0.04 pg/mL, 0.1 ng/mL, and 0.11 pg/mL, respectively. Plasma was assayed for high-sensitivity C-reactive protein the same day as collection by the SFVAMC lab per standard methodology (Beckman Coulter Analyzer, Miami, FL). The coefficient of variation for high-sensitivity C-reactive protein using this procedure is 5.1%. In healthy individuals, CRP is <1.0 mg/dL.
Shimadzu high-performance liquid chromatography system coupled to a triple quadrupole mass spectrometer (AB Sciex; API2000) as previously described. 39, 40 Briefly, frozen plasma was diluted with 2 volumes of cold-methanol containing deuterium-labeled internal standards (ie, d4-prostaglandin E2 and d8-5-HETE) and butylated hydroxytoluene (to prevent nonenzymatic oxidation during extraction). After solid phase extraction (C18), lipid mediators were profiled by liquid chromatography-tandem mass spectrometry using established multiple reaction monitoring transitions and retention time as criteria to identify and quantitate lipid mediators generated from arachidonic acid (AA), EPA, and DHA. 29 Lipid mediators were quantified based on external calibration curves for each mediator using authentic standards (Cayman Chemical, Ann Arbor, MI) and after determination of extraction recovery based on internal standards. The limits of quantitation for the lipid mediators under these conditions are %10 pg on-column.
Omega-3 fatty acid measurements
The omega-3 index represents the proportional red blood cell content of the 2 major long-chain n-3 PUFA, EPA, and DHA. 41 Ten milliliters of whole venous blood was collected in an EDTA tube from subjects in a fasting state, and centrifuged at 2800 rpm for 10 minutes at 4°C within 30 minutes of collection. Packed red blood cells were stored at À80°C until assayed for n-3 PUFA content of EPA and DHA, the omega-3 index, analyzed according to the HS-Omega-3 index â methodology. 42 
Renal, lipid, and metabolic measurements
Blood samples were collected from subjects in a fasting state for measurement of creatinine, estimated glomerular filtration rate, albumin, hemoglobin A1C as well as total cholesterol, triglycerides, low-density lipoprotein, and high-density lipoprotein. Plasma was assayed for these analytes the same day as collection by the SFVAMC lab per standard methodology (Beckman Coulter Analyzer). Serum was isolated at the same time points for homocysteine and assayed the same day as collection by the SFVAMC lab per standard methodology (Abbott Diagnostics Architect i1000 Analyzer, Lake Forest, IL).
Walking Impairment Questionnaire
The Walking Impairment Questionnaire is a validated instrument that assesses the patient-perceived walking impairment. 32 The questionnaire was administered by research staff and measures patient-perceived walking capacity and limitation due to claudication across 3 domains: distance, speed, and stair climbing, as previously described. 31 
Statistical Analysis
The intervention group was compared to the placebo group for homogeneity of demographic and baseline clinical variables via the v 2 test or Student t test (depending on the type of variable). The generalized estimating equation was used for an intention-to-treat analysis (all participants randomized were analyzed based upon their assigned group). The significance level was preset at 0.05 and 2-sided t tests were performed. There was no a-priori adjustment for multiple hypothesis testing on the secondary end points. Statistical analyses were performed using Stata/SE 13 (StataCorp, College Station, TX). Hierarchical clustering, correlation analysis, and partial least-squares discriminant analysis were carried out using Metaboanalyst 2.5 software (http:// www.metaboanalyst.ca). For this, levels of lipid mediators in placebo and fish oil groups at the 1-month follow-up were assessed. Products in which >75% of the values were missing were removed from the analysis, and the remaining missing values were imputed by replacing them with half of the minimum positive value for each mediator. The data were log transformed and autoscaled (mean centered and divided by the square root of the SD for each variable) before analysis.
Results
Eighty patients participated in the study, with 40 randomized to the fish oil group and 40 to the placebo group. Baseline characteristics of the patient cohort are shown in Table 1 . The 2 groups were balanced, with the exception of their coronary artery disease history and intake of b-blockers. There was a trend toward less prevalent aspirin and statin use among participants in the fish oil group compared to the placebo group. No adverse reactions occurred secondary to receiving 4.4 g/day of fish oil for 1 month. The dropout rate was 10%. Five patients dropped out for "travel distance" or the size of pills, 1 patient was found "ineligible" based on age, 1 patient was hospitalized for a fall, and 1 patient was withdrawn for substance abuse ( Figure 1 ). With regard to the primary study end point, brachial artery FMD improved in the fish oil group (0.7AE1.8% increase from baseline, P=0.04) and trended toward improvement in the placebo group (0.6AE2.5% increase from baseline, P=0.18) ( Table 2 ). There was, however, no significant difference between the 2 treatment groups over the course of the study (P=0.86), leading to a negative finding for the primary end point.
With regard to the secondary end points, the omega-3 index increased significantly in the treatment group by 4AE1% during the month-long supplementation period (P< 0.001) compared with the placebo group (0.1AE0.9, P=0.49; between-group P<0.0001) ( Table 3 ). An improvement in lipid profiles was also observed, most notably characterized by a decrease in triglycerides (fish oil: À34AE46, P<0.001; placebo À10AE43, P=0.20; between-group differential P-value: 0.02) ( Table 3) . No changes were noted in inflammatory cytokines or self-reported walking tolerance.
The results of the lipidomics analysis are summarized in Table 4 and Figures 2 through 4 . Using a targeted mass spectrometry-based approach, we identified several products Values as "meanAESD" or "n (%)". ABI indicates ankle-brachial index; ACE, angiotensinconverting enzyme; BMI, body mass index; Cr, creatinine; eGFR, estimated glomerular filtration rate; FMD, flow-mediated dilatation; HDL, high-density lipoprotein; HbA1c, hemoglobin A1c; hsCRP, high-sensitivity C-reactive protein; ICAM-1, intercellular adhesion molecule; IL-6, interleukin-6; LDL, low-density lipoprotein; PAD, peripheral artery disease; TNF-a, tumor necrosis factor-a. *P<0.05 by an unpaired Student's t test.
of both EPA and DHA in plasma from PAD subjects. As shown in Figure 2 and Table 4 , lipoxygenase products of EPA, including 5-hydroxyeicosapentaenoic acid (5-HEPE), 12-HEPE, and 15-HEPE were identified in plasma of both placebo and fish oil groups at baseline. Notably, fish oil supplementation for 1 month significantly increased the production of 5-HEPE and 15-HEPE, whereas their levels remained unchanged in the placebo groups (Table 4 and Figure 2) . Similarly, 18-HEPE, which is a biosynthetic pathway marker of E-series resolvins 27, 43 and a product of aspirin-acetylated cyclooxygenase 2 and cytochrome P450 enzymes, increased significantly and substantially (>10-fold) in the fish oil group, but remained unchanged in the placebo group (Table 4 and Figure 2 ). Resolvin E1 (RvE1), a downstream product and proresolving lipid mediator generated from 18-hydroperoxy-EPE, 43 was sparsely identified in the fish oil group, although there was no significant difference in the production of this short-lived and locally produced mediator throughout the duration of the study. Lastly, 3-series prostaglandins, such as prostaglandin E3 (PGE 3 )and PGD 3 , were also sparsely detected, although no meaningful changes with treatment emerged (Table 4) . In addition to EPA, DHA also serves as a substrate for lipoxygenase enzymes and gives rise to monohydroxydocosanoids that are markers of SPM biosynthesis, namely, D-series resolvins, protectins, and maresins. 27 Lipidomics analysis of the DHA metabolome indicated that fish oil supplementation significantly increased the production of 4-hydroxydocosahexaenoic acid (4-HDHA), a potential product of 5-lipoxygenase 44 ( Figure 3 and Table 4 ). No significant increase in this product was observed in the placebo group, and the levels of 4-HDHA remained significant when comparing the 2 groups (Table 4) . Other monohydroxy docosanoids, including 14-HDHA (a marker of maresin biosynthesis), 45 17-HDHA (a marker of D-series resolvin and protectin biosynthesis), and 7-HDHA, were also identified in selected patient samples, although no significant patterns in their production were observed. D-series resolvins, including RvD1 and RvD2, were identified in selected patient samples, with no significant differences with treatment observed. In contrast, we identified 10,17-dihydroxyDHA (10,17-diHDHA) of the protectin family in both placebo and fish oil treatment groups at baseline. A trend toward an increase in the fish oil group and a trend toward a decrease in the placebo group were observed ( Figure 3 ). Although these trends did not reach statistical significance, levels of 10,17-diHDHA were significantly higher in the fish oil group compared with the placebo group after 1 month of treatment ( Figure 3 ) despite no significant differences between the 2 groups at baseline. We note that both authentic protectin D1 (PD1; 10R, 17S-dihydroxydocosa-4Z, 7Z, 11E, 13E, 15Z, 19Z-hexaenoic acid) and its doubledioxygenation isomer (PDX; 10S, 17S-dihydroxydocosa-4Z, 7Z, 11E, 13Z, 15E, 19Z-hexaenoic acid) co-elute in our liquid chromatography method, precluding individual quantification of each product and potentially confounding the results. Values as "meanAESD" or "n (%)". ABI indicates ankle-brachial index; HDL, high-density lipoprotein; hsCRP, high-sensitivity C-reactive protein; ICAM-1, intracellular adhesion molecule-1; IL-6, interleukin-6; LDL, low-density lipoprotein; TNF-a, tumor necrosis factor-a. *P<0.05 by a paired Student's t test (within group) or unpaired Student's t test (across groups). In contrast to the increased formation of several EPA and DHA products, downstream enzymatic products of AA metabolism, such as 5-hydroxyeicosatetraenoic acid (5-HETE), 12-HETE, 15-HETE, 19-HETE, and 20-HETE, were not significantly altered by treatment group. Prostanoids, such as prostaglandin E2, prostaglandin D2 , and prostaglandin F2, were also sparsely detected and not different between groups or with fish oil treatment. Interestingly, lipoxin A 4 , which is an SPM derived from AA, was identified in both treatment groups and its levels significantly decreased in the fish oil group (Table 4) .
To further elucidate relationships between n-3 PUFAderived mediators and determine which products were Table 4 . important in driving overall differences between the treatment groups, we next performed correlation analysis and partial least-squares discriminant analysis. As shown in Figure 4A , Spearman rank correlation analysis showed that changes in EPA and DHA products, including 18-HEPE and 4-HDHA, positively correlated with each other but not AA products, including 15-HETE and 5-HETE. Hierarchical clustering demonstrated that changes in monoHEPEs and 4-HDHA between the groups were closely related to each other, but were clearly separated from AA products ( Figure 4A ). The 2 treatment groups were separated in partial least-squares discriminant analysis ( Figure 4B) , and a loadings plot demonstrated that monoHEPEs and 4-HDHA were major contributors to group separation ( Figure 4C ). Variable importance in projection scores revealed that among these products, 18-HEPE was the most important in driving differences between the groups ( Figure 4D ). The reduction in triglycerides was significantly and inversely correlated with changes in 18-HEPE (r=À0.26, P=0.04), a relationship that was similar in extent to the omega-3 index (r=À0.26, P=0.03). The changes in the omega-3 index were most strongly correlated with changes in 18-HEPE (r=0.62, P<0.001) and were also significantly and positively correlated with levels of 15-HEPE (r=0.37, P=0.002), 5-HEPE (r=0.37, P=0.002), and 4-HDHA (r=0.49, P<0.001). Interestingly, the omega-3 index was inversely correlated with lipoxin A 4 (r=À0.36, P=0.003), which is consistent with shunting of lipoxygenase substrates from AA to EPA and DHA. Overall, these analyses demonstrate a significant enrichment in n-3 PUFA-derived lipid mediators in PAD patients treated with fish oil for 1 month.
Discussion
The OMEGA-PAD-1 Trial assessed the effects of a month-long, high-dose n-3 PUFA supplement intervention on endothelial function and inflammation in patients with PAD. The primary end point of a change in endothelial function response between fish oil and placebo was negative. Changes were seen in secondary end points including the lipid profiles and the n-3 metabolome. These changes were also accompanied by a notable 4% increase in the omega-3 index of the treatment group. Although the primary end point of a change in endothelial function was negative, this study reports potential beneficial effects of n-3 PUFA on metabolic and physiologic parameters in patients with PAD, and provides a framework for further studies examining alternative dosing schemes and subgroups within the PAD population.
Primary End point: n-3 PUFA and Endothelial Function
Impaired endothelial function has been recognized as an inciting step in the development of atherosclerosis and is, therefore, a critical feature in the pathogenesis of PAD. Furthermore, endothelial dysfunction independently predicts CV events in individuals with PAD undergoing vascular surgery. [7] [8] [9] FMD is a noninvasive, ultrasound-guided tool readily used as a reliable measure of nitric-oxide-mediated vascular endothelial function; decreasing FMD is a surrogate for worsening endothelial function. In our study, FMD improved significantly in the treatment group but not in the control group, and there was also no difference in the change between the groups, leading to a negative finding for the primary end point, which contradicts other studies. 26 The lack of a difference between supplementation and placebo groups in our study was unexpected. The study was adequately powered to detect a difference based on the current literature; however, it is possible that in our patient population at the Veterans Affairs Medical Center, endothelial dysfunc- tion was so profound that a significant difference between the fish oil group and placebo group could not be detected. Furthermore, the trend for an improvement in FMD in the control group was not expected. Hence, reasons why a significant difference in response between the 2 groups include (1) an overall improvement in both groups related to participation in the study, such as altered lifestyle behaviors or increased medical attention; (2) lack of power based on the profound depression in FMD at baseline; or (3) the need for a longer duration of treatment. Another trial is currently taking place to address the issue of a longer duration of treatment (OMEGA-PAD II Trial, NCT01979874-NIH funded), which will also serve to address questions related to functional improvement in walking.
Secondary End Points: Inflammation and Resolution of Inflammation
Several studies have demonstrated that the inflammatory markers C-reactive protein, IL-6, and intracellular adhesion molecule-1 are elevated in patients with PAD. [46] [47] [48] Inflammation itself can increase the risk of progression to PAD, disease severity, [49] [50] [51] [52] and mortality. 5, 6, 53 Despite available medical therapies, patients with PAD continue to have a higher risk of CV events compared to patients with coronary artery disease, 2, 3 and this difference is thought to be related to increased systemic inflammation. 1 There is an important unmet need to optimize medical management for patients with PAD, in an effort to decrease their excess morbidity and mortality. Making attempts to reduce or resolve factors that are likely involved in this excess risk, such as inflammation, has potential to positively impact clinical outcomes for patients with PAD. In recent years, it has become apparent that the resolution of inflammation involves active counter-regulation by distinct mediators, rather than a passive decrescendo of pro-inflammatory signals. With implementation of unbiased lipidomics in models of self-resolving inflammation, Serhan et al discovered that novel lipid mediators derived from PUFA are generated by specific biosynthetic pathways. 27 There are 4 distinct classes of SPM that have been recognized: the lipoxins derived from the n-6 PUFA, AA, and the resolvins, protectins, and maresins derived from the n-3 PUFAs, EPA, and DHA. 27 In the context of PAD, several investigators have demonstrated that SPM have potent biological effects on vascular cells. 54 Lipoxins and resolvins regulate leukocyteendothelial interactions, reduce the formation of reactive oxygen species, and regulate the production of prostacyclin and nitric oxide. [55] [56] [57] [58] [59] [60] More recently, resolvins were found to counter-regulate inflammatory signaling in vascular smooth muscle cells and to decrease neo-intimal formation in vivo. 61 Importantly, recent studies have shown that following oral supplementation with n-3 PUFAs, the detected amounts of SPM in human blood meet threshold levels for having antiinflammatory and proresolution activity. 29, 30, 62 In the present study, we identified several members of these SPM families and determined that their biosynthetic pathway markers are significantly increased in PAD patients taking fish oil supplements.
The current study provides evidence that utilization of EPA and DHA by endogenous enzymatic pathways occurs in PAD patients and that generation of these mediators may relate to the beneficial effects of n-3 PUFA. Indeed, several SPM pathway markers, such as 18-HEPE, 5-HEPE, and 15-HEPE, were significantly elevated in PAD patients treated with fish oil. Whether 18-HEPE and other SPM biomarkers have direct biological activity in this context remains to be determined, although a recent study documented that 18-HEPE administration reduces maladaptive cardiac remodeling in mice. 63 That SPM biosynthetic pathway markers, rather than bioactive SPM products (eg, resolvins), were the most robust outputs reliably detected in plasma of PAD patients is not surprising. These pathway markers, such as 18-HEPE, are intermediates that give rise to several downstream products, such as Eseries resolvins, that are locally produced in microenvironments (ie, resolving exudates). Analogously, AA products such as 5-HETE are biosynthetic pathway markers of products such as the leukotrienes, which were also rarely detected in plasma in this study. While several studies have documented that resolvins and related SPM can be measured in human plasma and serum following oral n-3 PUFA supplementation, most of these studies were carried out in healthy human volunteers. 29, 30, 62 Thus, sparse detection of SPM end products in this study could also be related to defective bioconversion of intermediates into resolvins, protectins, and maresins. Indeed, we have previously documented that plasma levels of 15-epimeric lipoxin A 4 are significantly lower in patients with symptomatic PAD than in healthy volunteers, suggesting a "resolution deficit" in PAD. 47 A similar deficit in SPM has also been documented in several other human studies, including obese patients with PAD, patients with asthma, and in murine atherosclerosis models. 27, 55, 64 Further longer-term studies will be required to determine whether SPM pathways are enriched as disease progression slows and vascular function improves and whether these changes precede changes in inflammatory biomarkers. Along these lines, it is notable that a trend in increased production of 10,17-diHDHA was observed in the fish oil group, whereas its levels were declining in the placebo group during the 1-month study period. Previously, several randomized trials in patients with coronary artery disease demonstrated that fish oil supplementation or dietary intake of oily fish correlated with a decrease in total mortality, decrease in CV death, decrease in sudden cardiac death, and a reduction in nonfatal CV events. [12] [13] [14] [15] In a recent review, our group observed that only a limited number of studies exist on the role of n-3 PUFA in PAD. 24 We speculate that the present body of literature concerning n-3 PUFA and PAD is limited due to 2 important factors. First, there is marked variability of n-3 PUFA dosing in major trials, and many studies have had relatively low dosing (averaging 1.5 g daily), which likely has minimal effects in the setting of increased inflammation associated with PAD. These differences contribute to the heterogeneity of clinical outcomes. Second, the majority of clinical trials that evaluate clinical effects of n-3 PUFAs have included study subjects who are at relatively low risk on the CV risk spectrum when compared to symptomatic PAD patients. In reviewing the literature, however, many studies have shown that n-3 PUFA is associated with a dramatic reduction in inflammation in diverse patient populations. [16] [17] [18] [19] [20] Furthermore, as described above, the most recent evidence supports the beneficial role of n-3 PUFA in the resolution of inflammation. 27, 65, 66 In the future, it would be prudent to design studies that have sufficiently high n-3 PUFA dosing and duration to counteract the increased inflammatory state in PAD and to more accurately examine the nutrient's clinical effects. With specific regard to the enhancement of SPM pathways, future studies might focus on subgroups of patients who experience a secondary inflammatory insult, to determine whether clinical resolution is improved.
Secondary End Point: An Improvement in Triglycerides
Many patients with PAD have hypertriglyceridemia, which contributes in part to their increased CV risk. 67 N-3 PUFA are among the pharmacologic treatments indicated for reduction of elevated triglycerides. 68 In fact, the American Heart Association recommends 2 to 4 g daily of EPA/DHA as treatment for hypertriglyceridemia, which is a higher dose than that recommended for primary and secondary prevention of CVD. [69] [70] [71] This dosing suggests that higher-than-average levels are necessary to exert clinical effects. 70, 71 n-3 PUFA, in particular EPA and DHA, are thought to improve triglyceride levels by decreasing production of hepatic very-low-density lipoprotein and triglyceride carrying units, promoting boxidation of fatty acids, and inhibiting phosphatidic acid phosphatase/phosphohydrolase, an enzyme that catalyzes the conversion of phosphatidic acid to diacylglycerol, and diacylglycerol acyltransferase, the enzyme that catalyzes the last step in triglyceride synthesis. 72 In clinical trials involving subjects with PAD, n-3 supplementation has repeatedly been shown to decrease serum triglyceride levels, 68,73-75 a finding also upheld by our results. Interestingly, 18-HEPE was found to correlate with the reduction in triglycerides in PAD patients, although causality in this relationship needs to be evaluated in future mechanistic studies.
Clinical Implications
Although guidelines from the American Heart Association recommend that individuals with CVD incorporate fish into their diets and supplement daily with n-3 PUFA, 69-71 the evidence for PAD remains elusive. Since this group of patients is at an extreme of the "inflammatory" spectrum of atherosclerosis, perhaps medical management should be further optimized to reduce their inflammatory burden. An innovative aspect of our study is the high-potency dosing of n-3 PUFA (4.4 g/day), which is markedly different from other randomized trials (which average doses of 1.5 g/day as per the most recent meta-analysis). 31 This short-term intervention reduced triglyceride levels and augmented biosynthetic pathways of resolution mediators. It remains to be determined whether such alterations would correlate with clinical benefits over time, or in response to an acute insult such as a therapeutic vascular intervention.
Limitations
This trial has several limitations. With regard to the randomization, only 2 of 49 covariates were statistically significantly different between the groups (1 with P=0.04 and 1 with P=0.002). Although this could point to an imbalance between the groups, this can be entirely consistent with chance. Furthermore, it is important to stress that the findings presented here need to be interpreted as hypothesis generating in view of a negative primary end point and the fact that there was no a-priori adjustment for multiple hypothesis testing on the secondary end points. While recruitment was open to both women and men, men were primarily recruited, which reflects the patient population served by the SFVAMC. Our cohort is predominantly white. Furthermore, it is possible that the inflammatory phenotype of our overall cohort was elevated, given that veterans experience profound psychological and psychosocial stress compared to nonveteran individuals with PAD. 76 It is possible that continued smoking during the trial could have blunted the effects of fish oil therapy.
Since there was no formal reporting of smoking at follow-up, this represents a limitation of the study. Another major limitation relates to dosing scheme. A high-dose and shortduration intervention was chosen in this study. We are currently conducting a follow-up trial (OMEGA-PAD II Trial, NCT01979874) that will introduce a longer-duration intervention. Compliance with daily supplementation is another factor that may affect our results. In order to verify compliance, we performed a pill count when patients returned after the treatment period. Additionally, measuring the omega-3 index, which quantifies incorporation of n-3 PUFA into the red blood cell membrane, helped to confirm appropriate supplementation.
Conclusions
In this randomized, double-blinded, placebo-controlled trial including primarily male subjects with PAD, we investigated the biochemical and clinical effects of a month-long, highdose intervention with fish oil. The current study did not demonstrate a significant difference in the response of endothelial function between the fish oil and placebo group, the primary end point. Our findings, however, suggest that, independent of any other lifestyle changes, a short course of high-potency n-3 PUFA supplementation is associated with an improvement of the omega-3 index, an increase in the production of downstream n-3 PUFA products that serve as biomarkers of the main SPM pathways (eg, 18-HEPE), and a decrease in serum triglycerides. Further studies are needed to evaluate the effects of fish oil supplementation on functional status and cardiovascular outcomes in PAD patients, as well as the role for longer duration, high-potency supplementation.
